Abstract. Continuous observations of mesospheric optical emissions (sprites) were performed from two optical sites, Shimizu and Chofu during the period of seven months from November 2004 to May 2005, with the target of specific winter sprites in the Hokuriku area of Japan (in the coast of Japan Sea). Two different kinds of analysis have been performed; one is based on the monthly data and the second is the case study. The correlation between the monthly percentage occurrence of different sprite types (columns, carrots and intermediate (including V-shaped sprites, co-existence of columns and carrots)) and monthly variation of the -10ºC temperature height has indicated a negative value (r ∼ -0.41) for columns and a high positive value (r ∼ +0.69) for carrots. Further detailed analysis was performed with the height of -10°C at the time of sprite occurrence. It was found that winter sprites occur when the height of -10°C isotherm is located in a range from 1200 m to 3000 m. When the altitude is small, like 1200 -1400 m, the dominant shape is columnar. When the height of -10°C is increased up to 1800 -3000 m, a new situation takes place; that is, more spectacular shapes like carrots tend to be frequently observed. This point is also confirmed by analyzing the temperature at a particular height of 850 hPa. Carrots tend to occur above a threshold of temperature of 850 hPa (-7°C). We can conclude that charge height as the consequence charge separation caused by vertical temperature variation plays an essential role in determining the spatial forms of sprites. Finally, we discuss the initiation of sprites and sprite morphology, with a reference to the observed facts in this paper.
Introduction
Transient luminous events (TLEs) are large-scale optical events occurring at stratospheric and mesospheric/lower ionospheric altitudes (the range from ~ 40 to 90 km), which are directly related to the electrical activity in underlying thunderstorms (e. g., Sentman and Wescott, 1995; Lyons, 1996 Lyons, , 2006 Füllekrug et al., 2006) . Since the first optical recording, several different types of TLEs above thunderstorms have been documented and classified. There are two fundamental ones; (1) sprites that develop in the mesosphere (Sentman and Wescott, 1995) and (2) elves which are detected in the lower ionosphere (Fukunishi et al., 1996) . It is generally agreed that elves are caused by heating and ionization by the electromagnetic pulse (EMP) from ground flashes (Nickolaenko and Hayakawa, 1995; Inan et al., 1996) . Whereas, it is generally suggested that sprites occur due to the quasi-electrostatic (QE) electric field originating from the negative charge left in the thundercloud after the parent positive cloud-to-ground (CG) strokes (Pasko et al., 1995 (Pasko et al., , 1997a . This QE theory has been successful in explaining many features of sprites, but there are still important but unresolved problems, including fine structure of sprites, general sprite morphology, etc. This indicates that certain important factors must be included such as electromagnetic radiation (Cho and Rycroft, 1998; Yanushin et al., 2007; Asano et al., 2008) supplementary to the QE interpretation.
Numerous observations have yielded that there are two fundamental forms of sprites; (1) the "carrot" and (2) the columniform types (e.g., Cho and Rycroft, 1998) . The carrot sprite consists of hair at the top, a head, and lower tendrils. While, the columniform sprite has a very fine spatial structure, and is a fast, a few ms, phenomenon when compared to the carrot sprite. The experimental studies of the sprite morphology are rare even for continental summer sprites and structure differences with respect to the parent lightning characteristics.
In addition to so many sprites relevant to continental summer lightning, sprites were also observed on the Japan Sea side of Japan in winter. The detection of Japanese winter sprites was done for the first time by Fukunishi et al. (1999) even though an average cell size is relatively small . Afterwards, independent observations followed (Hobara et al., 2001; Adachi et al., 2002; Hayakawa et al., 2004 Hayakawa et al., , 2005 Hayakawa et al., , 2007 Hobara et al., 2006) . The most interesting finding for Japanese winter sprites is their much simpler structure than the continental summer ones. That is, a majority of winter sprites are found to be of column structure (columniform type) Matsudo et al., 2007) .
Very few papers theoretically treat the morphological differences of sprites. Pasko et al. (1997b) suggested a hypothesis that the neutral density is non-uniform because of the gravity wave launched by the updraft associated with the mesoscale convective system. Valdivia et al. (1997) supposed that electromagnetic waves launched from many branches of the horizontal part of the lightning discharge interfere at the upper atmosphere and produce non-uniform distributions of electric field. Cho and Rycroft (2001) have theoretically studied this kind of wave interference effect of a horizontal lightning discharge and have tried to explain the morphological difference of sprites. These were all based on the non-uniformity of the electric field in the upper atmosphere due to complicated lightning configurations. There are, additionally, a few observational papers to discuss possible causes on morphological differences of sprites (Su et al., 2002; Ohkubo et al., 2005; van der Velde et al., 2006; Matsudo et al., 2007) , with reference to the characteristics of parent lightning.
In this paper we use the data on winter sprites observed in the Hokuriku area (Japan Sea side) during over a half of the year. We analyze the seasonal variation of morphology (columnar sprites, carrots, or a combination) of winter sprites in the Hokuriku area in relation to the monthly variation of -10°C temperature height, and then event-basis analyses are performed on the difference in sprite morphology with dependence on air temperature, in order to discuss the possible causes of sprite morphology in relation to the meteorological and electrical situation of parent lightning and to have better understanding on the existing generation mechanisms for sprites (QE theory, EMP hypothesis).
2. Observation of sprites in the Hokuriku area of Japan As is already described by Hobara et al. (2001) , Hayakawa et al. (2004) , and Hobara et al. (2006) , the optical observation has been carried out at Shimizu (Shizuoka Prefecture) (geographic coordinates; 34.99°N, 138.52°E) and Chofu (Tokyo) (35.65°N, 139.54°E) (Matsudo et al., 2007) with a target of sprites in the Hokuriku area (Japan Sea side) of Japan. Fig. 1 illustrates the relative location of some sprites (located successfully by triangulation from the two optical sites) and two optical sites, Shimizu and Chofu. Also, fields of view from the two stations are plotted. The details of the observing system are given in Matsudo et al. (2007) . Many sprites were observed in this area (Fukunishi et al., 1999; Hobara et al., 2001; Adachi et al., 2002; Hayakawa et al., 2004; Hobara et al., 2006) , because of the well-known characteristics of winter lightning such as extremely low cloud top, large charge transfer, and approximately the 50 % share of positive CGs (Takeuti et al., 1978; Michimoto, 1993) . In our recent paper by Matsudo et al. (2007) , we described several additional kinds of sprite structure. That is, some new forms have been observed such as a V-shaped sprite, in addition to the conventional two types (carrot and column). The observation period is seven months from November 2004 to May 2005, and the observation is very continuous in the L. T. interval from 18:00 to 5:00 with our newly developed system (Matsudo et al., 2004) .
Observation results
In what follows, we will present the observational results on the frequency of "detection". The sprite capture is performed every 33 ms on the video, so that if we find any kind of sprites in one frame, we assume that this is a single ("ONE") event. This means that one frame contains only one column, but sometimes there are several columns in one frame (these are all "ONE" event). The definitions of three different types of sprites are the following: column, carrot, and intermediate. When we observe only one type of sprites (for example, only column sprites (either single or plural)), we register this one type (i.e. column). The same is held for carrots. The term intermediate indicates that we are indicated, together with some sprite elements located by triangulation from the two sites. Also, Wajima observatory is added. observe an arbitrary intermediate type such as a V-shaped sprite, or a combination of different types (e.g., coexistence of columns and carrots) in one video frame. The total number of sprite events discussed in this paper is 58. Unlike the summer sprites as in the US, it is extremely rare for us to have sprites on the successive frames in the case of Japanese winter sprites.
Analysis result (Monthly basis)
Before presenting the monthly variation of detection number of sprites, we have to mention something about our observation situation. Even in our continuous mode of sprite observation, there were bad nights due to the cloud coverage at our optical sites. The number of observations each month, successful and unsuccessful is given as follows: 12 (19) in October, 22 (8) in November, 27 (4) in December, 2004, 21 (10) in January 2005, 17 (11) in February, 19 (12) in March, 20 (10) in April and 13 (18) in May. The first numeric refers to the number of days with successful observation, while that in the parenthesis, the number of days with unsuccessful observation. We understand that the number of unsuccessful observation ranges from 4 days to 19 days, and we perform the normalization of detection number of sprites by means of simple extrapolation. This process may be acceptable when we acknowledge that the period of variation in the lightning activity is known to be a few days or about a week. Fig. 2 illustrates the monthly variation of the detection number extrapolated for each month with taking into account the successful and unsuccessful observations mentioned above. In the figure, the number of events is classified into three types of sprites (blue, columns (abbreviated as Co), red, intermediate (I), and yellow, carrots (Ca)). This figure indicates that maximum detection is observed in January, and the secondary peaks are observed in February and March. Completely no sprites are detected in April 2005. Thus we can conclude that winter sprites in the Hokuriku area occur in January, February and March. Fig. 3 illustrates the monthly variation of percentage occurrence of sprites (carrots (Ca) or columns (Co)). The percentage detection is a kind of normalization, so that this is much more helpful to be discussed extensively as compared with the result in Fig. 2 . It is seen from this figure that the percentage occurrence of column (Co) sprites is very large in November and December and it tends to decrease from January to March, though February is not within this tendency. This is the reason why we have mainly observed simple column sprites in the mid-winter in the Hokuriku area of Japan . Because of a small percentage of V-shaped sprites (maximum 20 %, even less than this value) (Matsudo et al., 2007) , we observe an increasing percentage of carrot sprites from February to May in the spring; carrot sprites are very numerous (with its percentage of ∼ 36% in March). In order to investigate the mechanism of distinguishing between carrot and column sprites, we need to examine the parent lightning.
First, without going into the one-to-one correspondence with the parent lightning, we have examined the upper atmosphere information obtained at Wajima Meteorological Observatory (as shown in Fig. 1 ) belonging to Japan Meteorological Agency (geographic coordinates: 37.39 ºN, 136.90 ºE), where they measure the vertical profile of temperature by means of a radiosonde twice a day (U.T. = 0h and 12h; correspondingly L.T. = 9 h and 21 h). Fig. 4 indicates monthly variation of the height where temperature is equal to -10°C at L.T. = 21h because sprites are observed in the local nighttime in Hokuriku. This height is known to be very important in the charge separation (Takahashi, 1978; Rakov and Uman, 2003) , which is considered to be the 1st order approximation for the charge height. The location of the -10°C isotherm above the ground level was found to be a decisive factor for lightning activity in winter (Michimoto, 1993) , and no lightning is observed in situations when it is at or below 1.4 km. The average (or mean) value is plotted as a square against each month, with the standard deviation shown as a bar. The average height with -10°C is found to reach a minimum in January being slightly below 2 km, and February shows nearly the same (but a little bit larger) value as January. The lowest height of -10°C is observed in January and February, which indicates the lowest cloud altitude in these months. Then, when we are away from the mid-winter, the height with -10°C isotherm tends to increase. For example, the height with -10°C in March is found to be at the 2.7 km altitude, which is considerably higher as compared with the minimum in January.
The cross-correlations of the detection number of 3 different types (columns (Co), intermediate (I) and carrots (Ca)) in Fig. 2 and the percentage detection in Fig. 3 with the height of -10ºC isotherm are calculated, and the results are plotted in Fig. 5 . When computing the cross-correlation, we have excluded the month of April when no sprite was detected. Three different kinds of sprites are treated separately in Fig. 5 , including Co, I
and Ca. For each type (such as Co etc.), there are seen two stripes; the left one refers to the detection number in Fig. 2 , whereas the right one, the percentage detection in Fig. 3 . The ordinate indicates the cross-correlation coefficients (r) calculated. Because the absolute number (or extrapolated number) might be of less importance, we do not pay much attention to the cross-correlation between the number occurrence and -10°C isotherm height (on the left stripes in Fig.5 ), but we direct our attention to the results for the percentage occurrence of sprite shapes (on the right stripes in Fig. 5 ). The correlation regarding the percentage occurrence indicates that the column shapes (Co) are negatively correlated with -10°C isotherm height (r ~ -0.41), while carrots are positively correlated with -10°C isotherm height (r ~ +0.69). A simple statistical study suggests that more complicated spatial structures of sprites (like carrots instead of columns) are likely to be associated with higher -10°C isotherm altitude. Fig. 4 Monthly variation of the height of -10°C temperature. A square indicates the monthly mean value, and an error bar indicates the standard deviation. Fig. 5 The estimation of cross-correlation coefficient (r) of the detection number (in Fig.  1 ) and percentage occurrence (in Fig. 2 ) with the corresponding -10ºC temperature level (in Fig. 3 ). This is based on the monthly-basis data. The value is indicated for each type of sprites (Co, I, and Ca), and the left part refers to the extrapolated detection number, while the right part, the percentage occurrence.
We have just obtained higher correlation of the detection of column and carrot sprites with the -10ºC isotherm height, but there exist a few delicate points. The first one is that the time of observation of sprites (mainly LT = 23 ~ 4 h) is considerably different from the time of picking the upper atmosphere temperature only at LT = 21 h. The second problem might be the number of events: not so many events were detected. Of course, it would be better to have more events for a definite conclusion. However, the results in Fig. 5 are rather encouraging, and we will perform the more detailed event-basis analysis below. 
Analysis (Event basis)
In order to substantially improve the temporal resolution of the analysis in comparison with the previous section, we carry out the analysis of correlation in which we use the -10 ºC isotherm height at Wajima at LT = 21 h on the day and L.T. when we detect any sprite event. When we observe one event at a particular L.T. on a specific day, we use the height profiles of temperature at two L.T.s (L.T.=9h and 21h on the day if the sprite observation is before 21h, but L.T.=21h on the same day and L.T.=9h on the next day if the sprite is observed after 21h). Then, we interpolate the height of -10°C by using the above two values at L.T.=21h and 9h and also the L.T. when a sprite event is observed. Fig.6 is the corresponding result by using the above procedure, and the abscissa indicates the height of -10°C. The ordinate is the percentage occurrence of sprite types (carrots (Ca), columns (Co) and intermediate (I)). Color code is exactly the same as in other figures. This figure indicates a few important findings as follows.
First of all, we can say that the winter sprites (whatever the shape is) are expected when the height of -10°C isotherm is located in the range from 1200 to 3000 m. Of course, there is another conspicuous occurrence of sprites in the height of 4400 m, but this result corresponds to May only, which is completely different from the typical winter season (the main topic of this paper) in respect to the meteorological condition. We notice from the figure the finding relevant to the sprite shapes (carrots or columns). When the height of -10°C is lower, like 1200-1400 m, the dominant shape of winter sprites is column. Then when the isotherm is higher (1800 to 3000 m), a new characteristic appears: more spectacular shapes of sprites (like carrots) tend to be observed. Finally, there is no sprite occurrence for the height ranges of 3000 m or above for the -10°C isotherm.
The cross-correlation coefficients (r) in Fig. 6 are estimated as: r ~ -0.67 for column sprites and r ~ 0.59 for carrot sprites. The coefficient for columns is found to be significantly increased than that in the statistical study in Fig. 3 .
Another way of presentation of data in Fig. 6 is given in Fig. 7 , here the temperature at a particular height of 850 hPa is indicated as the abscissa. The way of estimation is exactly the same as in Fig. 6 . The occurrence of sprites is found to be concentrated mainly in the temperature of 850 hPa of -1°C ~ -11°C, with the mean being at -4°C. However, the occurrences of carrot sprites are found to lie in a range from -7°C to -1°C. So that, we can conclude that there might be a threshold of temperature of 850 hPa at approximately -7°C for the occurrence of more spectacular sprites like carrots; that is, carrots tend to be excited when the corresponding temperature at a specific height of 850 hPa is increased above the threshold.
Discussion
The long-term (about 7 months from November 2004 to May 2005) and continuous (LT = 18h to 5 h) observation from two optical sites (Shimizu and Chofu) has been performed to study the characteristics (especially morphological characteristics (columns or carrots)) of winter sprites in the Hokuriku area of Japan. Two types of analysis have been carried out: The first one exploits the monthly data and the second uses the event basis data. Even by using the monthly data, we have found that the morphology of winter sprites (columns or carrots) depends on the -10ºC isotherm height. That is, it is found that the occurrence of column sprites is negatively correlated with -10°C isotherm height, and that of carrots is positively correlated with -10°C isotherm height. Being encouraged by this statistical study based on monthly data, we go into the detailed one-to-one correspondence; i.e., the sprite morphology (columns or carrots) and height of -10°C at the time when a sprite event is observed. We have found that winter sprites (whatever the shape is, either carrots or columns) occur when the height of -10°C is located in a range from 1200 -1400 m, the dominant shape is column. When the isotherm is relatively high, 1800 -3000 m, more spectacular shapes (like carrots) appear. This point is additionally confirmed by the similar analysis of the temperature at 850 hPa.
Types of sprites depend on many factors, including not only the parent flash, but also mesospheric temperature and conductivity profiles, ionospheric height etc. However, a recent study based on the computer simulation by Asano et al. (2008) has indicated the primary importance of cloud charge height in the initiation and morphology of sprites. Initially, we have used the height of -10 ºC isotherm as the 1st approximation for the charge height. We do not know the exact location of the positive charge reservoir necessary for the generation of winter sprites in the Hokuriku region. Anyway, the altitude of -10 ºC is known to be, at least, that of negative charge accumulation (Takahashi, 1978) , together with the small positive charges. Though it is found that some (of course, not all) IC discharges may produce sprites (van der Velde et al., 2006) , this fact weakening the above argument.
The most important finding is shown in Fig. 6 . The occurrence of sprites (either carrots or columns) increases when the height of -10°C lies in a range from 1200 to 3000 m. There is an additional important finding regarding the sprite shapes. That is, when the height of -10°C is lower like 1200 -1400 m, the simple structure of columns is dominant. While, more spectacular shapes (like carrots) tend to happen when the height of -10°C becomes relatively higher, 1800 to 3000 m. One more point seen from Fig. 6 is that there are no sprites when the height of -10°C is above 3000 m up to 4000 m. This might suggest that a particular altitude is not suitable for generating lightning itself. There are, at least, 4 types of weather systems producing lightning in the Hokuriku area (Rakov and Uman, 2003) . In the mid-winter, a typical one is observed when trains of convective clouds are formed over the Japan Sea by the advection of dry polar air masses from Siberia. In the case when the tropospheric instability caused by the advection is intense enough, some of the clouds develop into thunderclouds over the Japan Sea coast. It is not well understood whether the parent lightning originates from the upper (tilted) positive charge center or from the lower stratiform region (Williams and Yair, 2006) . But, Hayakawa et al. (2004) and Suzuki et al. (2006) have found in the climatic approach that the reservoir of positive charge resides within the stratiform region. Even during the winter, it may be possible that there might exist some fundamental differences in characteristics of lightning discharges, so that this information is plotted in Fig. 8 . From the top, we indicated the temporal evolution of number of detected sprite events, the numbers of + and -CGs and the monthly average peak current [kA] for both polarities for each month. The observation is based on the VHF SAFIR system (Suzuki et al., 2006) . It follows from this figure that there does not exist any remarkable differences in the properties of lightning discharges during the main three months of sprites (January, February and March), even though there are a few types of weather systems producing lightning in the Hokuriku area as mentioned before.
Rather high cross-correlations between sprite morphology (carrots and columns) and the height of -10°C or the temperature at 850 hPa height, are indicative of the predominant role of the thundercloud charge height in determining the morphology of winter sprites in the Hokuriku area of Japan. Of course, because the cross-correlation coefficient is not extremely high, some other factors might be involved in the sprite morphology in a complicated manner.
